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ABSTRACT 
One disadvantage to using conventual thermoelectric generators (TEGs) to 
harvest heat waste is that they are inefficient where the heat source has a curved surface 
or has moving parts.  Herein the fabrication of a flexible thermoelectric generator (FTEG) 
is discussed as a solution to harvest energy from these scenarios. Solution phase printing 
of nanomaterials is becoming an increasing appealing method in the creation of flexible 
energy harvesting devices. Inkjet printing of n-type bismuth telluride (Bi2Te3) and 
bismuth antimony telluride (Bi0.5Sb1.5Te3) nanowires (NWs) onto polyimide that is then 
annealed, interconnected by eutectic gallium indium (EGaIn) liquid metal and coated in 
silicone elastomer results as a FTEG. The device delivered a maximum power density of 
11.78 mW·cm-3 at a 15 K temperature difference.  Also, the performance of the FTEG 
did not diminish after multiple bends and wraps (up to 100) around a tight radius of 
curvature (rod – dia. 7.5 mm). Hence this inkjet printed FTEG is a step forward towards a 
wearable energy harvesting device. This report is based on the recently submitted 
manuscript “Flexible, Inkjet-Printed Thermoelectric Generators with Inkjet-Printed 
Bismuth Telluride Nanowires and Liquid Metal Contacts”.
1 
CHAPTER 1.    INTRODUCTION 
According to the U.S. Department of Energy it is estimated that between 20 to 50% 
of industrial energy input is lost to waste in the form of hot exhaust gases, cooling water, heat 
lost from hot equipment surfaces and heated products, or simply waste heat[1]. By using a 
thermoelectric generator (TEG), waste heat can be converted to electrical energy. A TEG can 
generate energy from a temperature difference between a heat source and the surrounding 
environment.[2] 
The need for TEGs becomes clear when the first two laws of thermodynamics are 
examined. Starting with the first law, better known as the conservation of energy, it is stated 
that the total energy of an isolated system in a frame of reference remains constant. However, 
the energy conversion efficiency is always less than 100% because a portion of the input 
energy is converted into alternative energy forms such as friction, sound, and heat loss. Then 
with the second law, the energy input will always be greater than the energy output, with 
waste heat making up for part of the difference. Since the laws of thermodynamics apply to 
all systems known today, including industrial systems, buildings, automotive, and human 
bodies, there will be always be waste heat available. Therefore, there are abundant 
opportunities to apply TEGs to this problem of waste heat. 
These opportunities are seen when investigating the issue of waste heat. There are 
many uses for waste heat including pre-heating, space heating, steam generation, and 
cogeneration[1], but these uses could only be used locally because heat is difficult to 
transport effectively. The New York City steam system transports steam under the streets of 
Manhattan to heat and cool buildings as well for cleaning and disinfection.[3] A drawback is 
that you cannot store steam and it will dissipate throughout the system if not utilized, so the 
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New York City steam system could not transport the steam effectively across the state. A 
more appealing use for waste heat would be to generate power that then could be transported 
by different methods to regions that have a need for it, such as power grids. 
There are many ways to generate power from heat, but the more common methods 
used in industry today require a high temperature gradient (> 400 K).[1] Unfortunately, the 
bulk of waste heat that is produced after being recycled has a low temperature gradient, 
where conventional power generating methods cannot operate. There are estimates that one-
third of all energy consumed in just the United States will end up as low-grade waste heat.[1] 
There are some methods of recovering low-grade heat, but each method comes with 
its own set of problems. One method involves a modified organic Rankine cycle with dense 
liquid expander for more thermodynamically efficient heat recovery, but is not currently 
economically competitive because of the cost of equipment and building the plant.[4] 
Another method involves storing steam in a sealed container then letting it cool, causing 
negative pressure. That negative pressure can then generate energy when connected to a 
liquid pool, that when moving from the negative pressure drives a turbine.[5] This method, 
like the organic Rankin style, also involves a lot of equipment. Additionally, it cannot be 
used continuously because the steam must cool.  
The reader must also keep in mind that the above examples are only related to 
industrial energy, and do not account for the low-grade heat emitted from automobiles, 
electronic devices, and the human body. The method to harvest low-grade heat (< 400 K) 
should be applicable to all forms of heat source, be able to run continuously, and not involve 
lots of equipment to harvest heat, as to not further burden the heat source. 
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The device proposed in this report is small, has no moving parts, and can run 
continuously when temperatures are moderate. A flexible thermoelectric generator (FTEG) 
application can generate electricity at low temperatures, as well as can also be applied to any 
heated surface whether that surface is flat or curved. Since a lot of heat-producing objects are 
curved, such as piping, or move, such as a human body, the need for a flexible device is 
important.  
This report is based on the recently submitted manuscript “Flexible, Inkjet-Printed 
Thermoelectric Generators with Inkjet-Printed Bismuth Telluride Nanowires and Liquid 
Metal Contacts”. This report contains the development of a FTEG created by inkjet printing 
thermoelectric nanowires (NWs) from n-type bismuth telluride, Bi2Te3 (BT) and p-type 
bismuth antimony telluride, Bi0.5Sb1.5Te3 (BST) in series and connected with eutectic 
gallium-indium (EGaln) liquid metal interconnects.  The thermoelectric capability of the film 
is monitored for distinct film thicknesses, post-annealing temperatures and bending 
conditions. The printed TEG delivered a maximum power density of 11.78 mWcm−3at a 15 
K temperature difference. High flexibility is also achieved by connecting individual TEG 
legs in a series with the previously mentioned liquid metal interconnects. The performance of 
the FTEG does not diminish after multiple wraps around a tight radius curvature. Hence, 
FTEGs are a step forward in harvested waste heat and can be adapted to any curved surface. 
1.1 Research Goal 
The focus of this research is to create a FTEG and apply it to a curved surface. The 
primary goal is to have a more efficient thermoelectric generator that when applied to a 
curved surface, creates a voltage from the temperature gradient. This research is impactful 
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because conventional thermoelectric generators are only effective on flat surfaces and suffer 
less power output if the device has any curvature. 
1.2 Background 
To have a better understanding of how a TEG functions and how a FTEG is made, 
there is a brief description of thermoelectric principles and thermoelectric materials.  
1.2.1 Thermoelectric Principles 
The Seebeck Effect allows a material made of two or more conductors to create a 
voltage when there is a temperature difference applied to the material. This is defined as S =
−
∆𝑉
∆𝑇
 [µV/K]  where V is voltage and T is temperature. The Seebeck coefficient is used in 
measuring the thermoelectric efficiency of a material by the dimensionless figure of merit, 
ZT =
𝑆2𝜎
𝜅
 𝑇 where σ is the electrical conductivity, and κ is thermal conductivity. The 
thermoelectric efficiency is based from the general expression for the Carnot efficiency, 𝜂 =
𝑊
𝑄
=
𝑇𝐻−𝑇𝐶
𝑇𝐻
∗ 100%  . A Power Factor (P.F.), 𝑃. 𝐹. =  𝜎𝑆2  [
W
mK2
]  is used to determine the 
TEG’s ability to generate energy.  
The reverse of the Seebeck effect is possible by means of the Peltier Effect.[6] The 
Peltier Effects allows the heat to be absorbed at a junction in which there is an electric 
current. This effect is used in refrigeration and thermoelectric cooling (TEC). The amount of 
heat that can be absorbed is defined as 𝑄 = 𝑃𝐼𝑡 [J], where P is the Peltier Coefficient, I is the 
current, and t is the time.   
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1.2.2 Thermoelectric Material 
In a thermoelectric device there are n-type and p-type semiconducting thermoelectric 
materials that when connected in series on a substrate create a voltage when a temperature 
difference is applied. N-type semiconductors create a negative charge when the material 
experiences a temperature difference while p-type semiconductors create a positive charge.  
A modified figure of merit for the two thermoelectric materials is expressed as 𝑍?̅? =
(𝑆𝑝−𝑆𝑛)
2
?̅?
[(𝜌𝑛𝜅𝑛)
1
2+(𝜌𝑝𝜅𝑝)
1
2]
2, where ρ is the electrical resistivity and ?̅? is the average temperature 
between the hot and cold side. The maximum efficiency, 𝜂𝑚𝑎𝑥, of the two materials being 
used then is 𝜂𝑚𝑎𝑥 =
𝑇𝐻−𝑇𝐶
𝑇𝐻
 
√1+𝑍?̅?−1
√1+𝑍?̅?+
𝑇𝐶
𝑇𝐻
. [7] 
A material is considered thermoelectric if it has a ZT value > 0.5 for a given 
temperature range.[8]  Research related to thermoelectric material includes increasing the ZT 
value at a certain temperature, or by expanding the temperature range that the ZT value is 
above 0.5. Increasing the ZT value is obtained by either increasing the material’s electrical 
conductivity and Seebeck coefficient, or decreasing the material’s thermal conductivity. 
Bismuth telluride (BT)-based alloys are very appealing as thermoelectric material because of 
their relatively high ZT values. The values range from 0.5 to 1.5, to even as high as 2.4 at 
room temperature (295 K).[2, 8-9] Furthermore, BT-alloys can be synthesized in the form of 
NWs, which leads to higher ZT values.[7, 9]  
Jeffery Snyder has done extensive research on n-type and p-type materials and was 
able to graph the ZT vs Temperature range. From Figure 1.1 it is shown that for the 
temperature range of interest only Bi2Te3 is the only n-type material that has a ZT > 0.5 and 
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likewise from Figure 1.2 it is shown that Sb2Te3 is the only material that has a ZT > 0.5 at 
room temperature. For a FTEG to work at 400 K these two materials are the most likely 
solutions. 
 
Figure 1.1 zT for n-type thermoelectric materials. (Figure and caption taken from [10]) 
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Figure 1.2 zT for p-type thermoelectric materials. (Figure and caption taken from [10]) 
 
A solution of NWs contains a mixture of superlattices or quantum wires. If the 
superlattice of two or more semiconductor materials such as bismuth, tellurium, antimony, or 
selenium have different band gaps, or an energy range in which no electron state can exist, 
the space between layers will affect the conditions for charges to flow through the 
material.[11] Superlattices will increase the ZT value of the material by increasing S and σ, 
while decreasing κ.[9-10]  
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CHAPTER 2.    LITERATURE REVIEW 
The most important aspects of a flexible thermoelectric generator (FTEG) are the 
devices’ ability to bend around a curved surface and efficacy of power generation for a given 
temperature difference. To enable optimal flexibility, film thickness should be thin enough to 
be bend with ease, while maintaining structural integrity. Resolution of the printed patterns is 
a critical component for power generation as highly defined patterns enable a high density of 
semiconductor legs as seen in Figure 2.1. Furthermore, a high density of bismuth telluride 
nanowires (BTNWs) has been demonstrated to improve conductivity and reduced thermal 
conductivity.  
 
Figure 2.1 Architecture of the 2-dimensional printed TEG, consisting of black: metal 
electrodes and interconnects, blue: TE-material/composite. (Figure and caption taken from 
[13] ) 
 
As the technologies and research used in FTEGs is rapidly expanding, this chapter 
focuses on reviewing inkjet printed BTNWs connected by liquid metal contacts. First, a brief 
review of BT-alloys and their transformation into the leading thermoelectric NW material. 
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Next, research on application methods for this material, leading into the benefits of inkjet 
printing. Printing comparisons are followed by research on the annealing process and the part 
it plays in sintering the BTNWs. Finally, new research in liquid metal contacts that 
contributes to the ability to create FTEGs with BTNWs will be discussed. The parameters of 
interest for each section are the thermoelectric efficiency of a material (figure of merit or ZT 
value), the power factor (P.F.), and the average diameter of BTNWs. Values are provided 
when possible. A definition of the units of measure is provided in the nomenclature table.  
2.1 Bismuth Telluride Nanowires 
The history of bismuth telluride has witnessed the transformation of bulk material 
BT-alloys being used in thermoelectric refrigeration with moderate ZT values, to being used 
to synthesize BTNWS with higher ZT values for TEG applications. This history has led to 
different experimental observations for forming BTNWs under different parameters. The 
length, composition, and sintering of the NWs changes the value of one or more variables 
that define the figure of merit. How the NWs were created will determine their capabilities in 
a FTEG with the range of temperature the device can harvest energy from heat.  
Bismuth telluride-based alloys are the current state-of-the-art thermoelectric material, 
due to the material’s ability to generate power at small temperature differences when the 
temperature of the heat source is moderate.[12] Current research on BTNWs includes 
optimizing the ZT value, while simultaneously increasing the temperature range at which it 
can still generate power. The common n-type semiconductor variation of BT-alloys is 
bismuth telluride, Bi2Te3 (BT), while the p-type semiconductor variation is bismuth 
antimony telluride, Bi0.5Sb1.5Te3 (BST).[12] Another n-type variation that is referenced is 
bismuth tellurium selenide, Bi2Te3−xSex (BTS).[12] 
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2.1.1 History of Bismuth Telluride 
Bismuth telluride is a gray powder that is a semiconductor. It is usually prepared by 
sealing a sample in a vacuum and heating it to 1073.15 K. BT-alloys started out being used in 
thermoelectric refrigeration using the Peltier effect.[14] In the 1950s, BT was used in the 
demonstrations of 0 C cooling by J. Julian Goldsmid. He identified the importance of high 
mobility and low lattice thermal conductivity in semiconductors, which allows heat to be 
removed from an object by passing a current through it.[14] By doping the charge carrier 
concentration with donor or acceptor impurities, the ZT value of BT-alloys, which is used in 
both the Seebeck and the Peltier effects, is increased from 0.8 to a value greater than one at 
room temperature.[7, 9, 12] This is how BT-alloys started being recognized as a material that 
could remove heat from an object or produce an electricity by being exposed to a temperature 
difference. 
Conventionally, if BT-alloys are in a TEG, they are in the form of macro-sized pellets 
with dimensions in the millimeter range. These pellets are created with hot pressed p/n type 
thermoelectric alloys connected in series by a metal contact. However, the pellets are bulky 
and not ideal for FTEGs because they reduce the flexibility of the series, as well as rub 
against each other, causing wear. A NW solution would replace bulky pellets with a thin film 
solution. 
Research in demonstrating the advantages of BTNWs started in the 1990s by 
Dresselhaus and Hicks. They demonstrated that by reducing BT-alloys to one dimension, 
(1D), or quantum wires, the ZT value of the material increased exponentially at room 
temperature, as demonstrated in Figure 2.2[15] [16]. Other research on BTNWs show that in 
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nano-structing this material, there is more of an effect on the lattice conductivity rather than 
the electronic transport properties[9][12]. 
 
Figure 2.2 Calculated dependence of ZT within the quantum well or within the quantum wire 
on the well or wire width 𝑑𝑊 for 𝐵𝑖2𝑇𝑒3-like material at the optimum doping concentration 
for transport in the highest mobility direction. Also shown is the ZT for bulk (3D) 𝐵𝑖2𝑇𝑒3. 
(Figure and caption taken from [17]) 
2.1.2 Synthesizing Bismuth Telluride Nanowires 
Synthesizing BTNWs involves electrochemical deposition (doping) of this material 
and its alloys in powder form into thin films made of NWs [18]. This process of 
electrochemical deposition helps with the goal of increasing electrical conductivity while 
decreasing the dimensions of the bulk material as well as the thermal conductivity. These 
NWs also show an increase in the S value mainly due to the increase of density of the thin 
film, as well as other electrical parameter improvements[18]. These parameters lead to the 
increase in the ZT value of the material.  
2.1.3 Experimental Observations 
There have been many observations of bismuth telluride and its alloys in NW form. 
The overall goal was to increase the ZT by either increasing the Seebeck coefficient, 
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increasing the electrical conductivity, or reducing the thermal conductivity. The ZT value of 
the BSNWs depends on the concentration of antimony telluride in p-type material, the 
concentration of any alloy in the n-type material, how the NWs were developed, and the 
temperature at the time of the testing. The material’s ability to sinter into groups of NWs will 
also affect the ZT value.  
From the parameters listed above, it is difficult to obtain consistent thermoelectric 
properties from the samples investigated.[8]  Some properties might increase by means of 
one method while other decrease that might have a bigger role in the overall ZT value.  As 
Goldsmid remarks, “the advantage of reduction in the lattice conductivity due to nano-
structuring may be outweighed by a fall in the power factor”.[12] From this dilemma, it is 
observed that a higher Seebeck coefficient results in decreased carrier concentration and 
decreased electrical conductivity. When designing a FTEG, it is important to understand how 
the ZT value is being calculated for a material, to determine if it is the best option for the 
device. 
BT-alloys remain the best thermoelectric materials at room temperature with a 
maximum ZT of bulk BT being 0.85[15-16] to 1.04[20] and with BTNW being ~2.4 at 300 K 
for p-type and ~1.4 for n-type[8-9, 17]. The above results were achieved by having high-
quality superlattices produced with one of the individual layers as small as 10 ?̇? using low-
temperature growth process.[9] These smaller layers resulted in lower thermal conductivity 
that lead to a higher ZT value. 
Another approach to further improve the ZT value of BT is by decreasing the 
diameter of the NWs. A twostep synthesis of ultrathin n-type BTNWs is performed by first 
growing ultrathin Te NWs, then performing a diffusion reaction to include Bi into the Te NW 
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template, which was able to show a decrease in diameter of the NW.[21] This synthesis 
resulted in NWs with an average diameter around 8 nm.  
BTNWs’ high ZT value will rise from about 1 to 1.5 with temperature increases, until 
about 400 K, then they start to decrease. The ZT value versus temperature range can as seen 
in the Figure 2.3, and Figure 2.4, which were extracted from Goldsmid’s recent review of 
various authors in Bismuth Telluride and Its Alloys as Materials for Thermoelectric 
Generation.[12] A key ledger can be found in the original report. Compared to other 
thermoelectric materials, BT-alloys are consistent in its ZT value at this temperature range. 
 
Figure 2.3 Plot of ZT against T for p-type bismuth telluride alloys collected by Goldsmid 
from various authors mentioned in his review of Bismuth Telluride and Its Alloys as 
Materials for Thermoelectric Generation. (Figure taken from [12]) 
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Figure 2.4 Plot of ZT against T for n-type bismuth telluride alloys collected by Goldsmid 
from various authors mentioned in his review of Bismuth Telluride and Its Alloys as 
Materials for Thermoelectric Generation. (Figure taken from [12]) 
2.2 Applying Thermoelectric Materials 
Once a thermoelectric NW material is created, it transforms from powder form to a 
viscous solution ready for printing. There are many solution-phase printing techniques 
available to apply thermoelectric material to a flexible surface, including screen printing, 
spray printing, dispenser printing, and inkjet printing. Each technique has its own advantages 
and disadvantages when used. 
2.2.1 Screen Printing 
Screen printing involves a mesh and blocking stencil where when ink is transferred 
by means of a straight edge, like a knife or a squeegee, being passed over the stencil or mask. 
It can be used in printed electronics and thick film technology. An advantage to screen 
printing is the ability to make thick layers of thermoelectric material as well as improve the 
scalability[22]. A disadvantage of this method is wasted material, as ink builds up on the 
surfaces of the stencil and wiping device. Another disadvantage is the density of the 
15 
crystallized TE material after pyrolysis is lower[22]. Testing the ZT value for screen printed 
BSNW have been reported as ~0.64 for BTS[22] ~0.93 for BST[22] and 0.61 for BT[23] at 
room temperature. The power factor has been reported as 2.1 mW·m-1·K2 with a thermal 
conductivity of 1.0 W·m-1·K.[19] Power density has been reported as 5.23 mW·cm2 with a 
temperature difference of 25 K. [22]  
2.2.2 Spray Printing 
Spray printing involves a device that sprays a coating of a material through a gas 
mixture onto a surface. Usually the device has a container of the material attached with an 
intake of compressed gas. An advantage to spray printing is the ability to fill holes of small 
diameter (200 um to 500 um) and large depth (50 um to 500 um).[24] A disadvantage is that 
a metal stencil to pattern surfaces generates ink waste. A Bi2Te3-based thermoelectric ingot 
reported σn =120,000 S·m-1, σp = 96,000 S·m-1, λp = 1.4 W·m-1·K-1, αn= -203 µV·K-1, αn= 
220 µV·K-1.[24] Spray printing, along with screen printing, could allow the NW layers to be 
thin enough to be flexible, but wastes more material, which is the majority of the cost in 
creating a FTEG. 
2.2.3 Dispenser Printing 
Dispenser printing involves using a pressure controller attached to a syringe, with a 
tip in the range of several mm down to 100 µm. Like screen printing, an advantage is that it 
can print a thicker layer with lower resolution films. Another advantage is that allows for 
low-cost manufacturing. A disadvantage is that the process of printing is slow as well as low 
resolution of the printed patterns. A FTEG would want as many printed legs on the device to 
maximize energy harvesting capabilities. Research shows that the ZT value of 0.31 at 623.15 
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K[25]. Reported open circuit voltage and power values are 23.9 mV and 3.107 nW 
respectively. [24] The report figure of merit is below the 0.5 mark to qualify as a sufficient 
thermoelectric material. 
2.2.4 Inkjet Printing 
Inkjet printers are the most commonly used type of printer. They can be equipped 
with printheads using piezoelectric crystals to deposit materials directly on substrates. Inkjet 
printing of thermoelectric materials in a TEG application is appealing because of the ability 
to print a pattern in high precision, as well as control the thickness of the layer (.37 µm to 
1.56 µm)[2]. Another advantage is that it is four to five times faster than screen printing and 
has demonstrated line resolutions around 50 µm[26]. 
2.3 Annealing and Sintering Thermoelectric Nanowires 
Annealing is a heat treatment that alters the physical and sometime electrical 
properties of the thermoelectric material. In the case of BTNWs certain dopants are activated 
after being annealed to improve their thermoelectric properties[27]. In this annealing process, 
it is important to anneal an array of different material thicknesses at different temperatures 
and durations. Depending on the parameters of the annealing process, the BTNWs might 
sinter into groups which allow higher electrical conductivity.[27] 
Sintering is used to produce metal that have a complex form and low machinability. 
In the case of BT-alloy NWs the NWs can fuse together to reduce independent NWs. This 
increases both electrical and thermal conductivity, but increases electrical conductivity at a 
higher rate.[23, 28-29] 
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2.4 Liquid Metal Interconnects 
Interconnections are integrated circuits to pass electricity from one semiconductor to 
another. In a flexible device, theses interconnections might receive extra wear and tear and 
could potentially break the connection between the semiconductors. Liquid metal would 
overcome this obstacle by allowing more flexibility in the interconnections[30]. There are 
reports of a liquid alloy coil working reliably until receiving a 50% strain.[30] 
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CHAPTER 3.    EXPERIMENTAL SETUP, METHODS AND DIAGNOSTIC TOOLS 
This chapter is adapted from a paper submitted to the journal Nanoscale titled: 
“Flexible, Inkjet-Printed Thermoelectric Generators with Inkjet-Printed Bismuth Telluride 
Nanowires and Liquid Metal Contacts.” by Bolin Chen and Matthew Kruse. This chapter is 
designed to give the reader the process on fabricating a FTEG and testing its efficiency. The 
experimental set-up section includes the equipment and materials used and how they were 
prepared. The methods section explains the various fabrication stages of the device, while the 
diagnostic tools section details the testing of the FTEG at various stages in the fabrication 
process and efficiency measurements once complete. 
3.1 Experimental Set-up 
To fabricate a FTEG by inkjet printing with synthesized bismuth telluride alloy NWs, 
the following equipment and materials are needed:  
• bismuth telluride nanowire (BTNW) and bismuth antimony telluride nanowire 
(BTSNW) inks  
• flexible polyimide substrate  
• inkjet printer  
• MTI single-zone furnace with a 2-inch diameter quartz tube and forming gas  
• EGaIn alloy  
• Pt-catalyzed silicone elastomer 
3.1.1 Preparing Ink 
The synthesizing of BSTNW and BTNW inks are from a previously reported 
solution-phase synthesis method.[31] Briefly, tellurium dioxide with polyvinylpyrrolidone as 
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surfactant is reduced into tellurium NWs in a mixture of potassium hydroxide, ethylene 
glycol, and hydrazine as a reduction agent. Next, bismuth, and antimony precursors are 
added to form the BST and BT NWs respectively Figure 4.1.a. [25-26] Both NW mixtures 
are converted into an ink mixture via dilution in deionized water, centrifugation for solvent 
removal, and bath sonication to homogeneously suspend the NWs in liquid media of 
deionized water and NWs. 
3.1.2 Preparing Inkjet Printer 
The resultant BSTNW and BTNW inks are injected into a separate ink cartridge 
while a flexible polyimide substrate is prepared on the printing platen. The Diamtix 2381 
inkjet printer can print with varying thickness by controlling the number of nozzle passes 
during the inkjet printing process. The printer platen’s temperature is also controlled to best 
suit the different ink printing requirements and to allow the ink to dry after it has been 
printed. 
3.1.3 Preparing Liquid Metal 
The fabrication process with atomization pattering of liquid alloys are adapted from a 
paper submitted to Scientific Reports titled: “Tape Transfer Atomization Patterning of Liquid 
Alloys for Microfluidic Stretchable Wireless Power Transfer” by S. H. Jeong, K. Hjort, and 
Z. Wu. An EGaIn alloy is prepared by mixing gallium and indium (Solution Materials, LLC) 
at a 3:1 ratio by mass and then heating the mixture at 200 °C overnight on a hot-plate to 
homogenize the alloy. 
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3.1.4 Preparing Silicone Elastomer Coating 
The Pt-catalyzed silicone elastomer (Ecoflex 00-30, Smooth-On Inc.) is applied via 
doctor blade coating using a ZUA 2000 Universal applicator (Zehntner Testing Instruments) 
to encapsulate the device and protect the NWs from further oxidation and dirt/debris. This 
coating has been shown to be more flexible than an application of silicon rubber. 
3.2 Methods 
After the materials above is prepared, the user can start the processes of fabricating a 
device. Each method will need to happen in the order that they appear. Thermoelectric 
nanowire ink formulation discusses how the BST and BT inks are prepared. Inkjet printing of 
thermoelectric nanowires goes through the steps to prepare the printer for printing. Post-print 
nanowire annealing and liquid metal contact printing describes the process for finishing the 
FTEG after the legs have been printed 
3.2.1 Thermoelectric Nanowire Ink Formulation 
Distinct recipes were created for the development of BST and BT inks so that they 
were both amenable to inkjet printing. In the creation of the ink both BST and BT ink are 
diluted with DI water and centrifuged to create a homogeneous ink suitable for inkjet 
printing. Briefly, the synthesized BSTNW solution is diluted with DI water (3:1 ratio or 0.75 
ml to 1.25mL) and centrifuged at 13,300 rpm for 10 minutes. The NWs are then rinsed by 
removing the supernatant via pipetting and subsequently mixing the remaining wires in fresh 
DI water (1.25 mL) via vortex mixing. A second centrifugation step (10,000 rpm for 5 mins) 
is performed and the consequent supernatant is removed, the NWs remixed with fresh DI 
water (1.25 mL), and the resultant solution bath sonicated for 30 minutes to create a 
homogeneous jettable ink.  The synthesized BTNW solution is formulated in a similar 
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fashion with the following variations:  BT ink was first diluted with DI water in the ratio of 
1:1, and centrifuged at 12, 000 rpm for 10 minutes, followed by a second centrifugation at 
10,000 rpm for 5 mins. 
3.2.2 Inkjet printing of Thermoelectric Nanowires 
A Diamtix 2381 inkjet printer is used to print the thermoelectric NWs according to 
previous protocols[27]. Briefly, inkjet printer cartridges (10 pL cartridges with 1.5 mL ink 
space volume) are filled with BST or BT NW ink and used to print the p-type and n-type 
NWs, respectively. The BSTNW and BTNW inks are printed with varied printer passes from 
25 to 150 to study the effect of film thickness on the thermoelectric performance. The 
temperature of the printer platen that holds the substrates during printing was set to 45C. All 
NWs were printed directly onto flexible polyimide (Kapton®, McMaster-Carr). 
3.2.3 Post-print Nanowire Annealing and Liquid Metal Contact Printing 
Thermal annealing of the printed BSTNWs and BTNWs are conducted 
simultaneously in a MTI single-zone furnace within a 2-inch diameter quartz tube. A steady 
stream of forming gas (flow rate 50 mL min-1, at atmosphere pressure) is used to fill the tube, 
while the annealing temperature and time was varied between 400 °C and 450 °C and 10 
mins and 2 hours, respectively.  After thermally annealing, EGaIn was used to electrically 
connect the printed NWs and form the TEG device.  To print the alloy, the BST and BT NWs 
printed on flexible polyimide were masked with a laser-patterned tape and the EGaIn was 
coated onto unmasked polyimide to selectively deposit the EGaIn interconnects via a 
nitrogen-assisted spray coating procedure. After spray coating, the mask was removed and 
the printed EGaIn traces at the ends are connected to copper tape to facilitate electrical 
measurements. Finally, a thin layer of Pt-catalyzed silicone elastomer (Ecoflex 00-30, 
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Smooth-On Inc.) is applied to encapsulate the device and protect the NWs from further 
oxidation and dirt/debris. 
3.3 Diagnostic Tools 
There are parameters that can be measured during and after the fabrication process. 
Imaging and thickness measurements are collected after the NWs are printed on the substrate. 
Measurements of electrical conductivity, thermal conductivity, and Seebeck coefficient are 
collected from a printed sample after it is annealed. Measurements of voltage, resistance, and 
flexibility are after the TEG has liquid metal interconnects and is coated with silicone 
elastomer. 
3.3.1 Imaging and Thickness Measurements of the Printed Thermoelectric 
Nanowires 
SEM micrographs is acquired from a FEI Quanta-250 SEM in secondary electron 
mode using a 10 kV accelerating voltage.  The working distance between the samples and the 
field emitter source aperture is kept at approximately 10 mm. XRD patterns are acquired 
from a powder diffractometer (Model Siemens D500 x-ray diffractometer) with CuKα 
radiation. All samples are scanned from 15º to 70º with a scan rate of 2 º min-1. 
3.3.2 Printed Thermoelectric Generator Characterization 
The complete FTEG is characterized via electrical and thermoelectric measurements. 
In-plane electrical conductivity is measured by a H5000 probe station with a temperature 
controller K2000 and varying temperatures, from 295-400 K. Each sample is cut into 1 cm2 
square specimen for electrical measurement. The chamber is vacuumed down to < 10 mTorr 
during measurement. In-plane Seebeck coefficient is measured by MMR SB1000 with 
temperature controller K2000, varying temperature from 295-400 K. Seebeck measurement 
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samples are cut into 1mm by 6 mm strips and connected to sample holder with silver paste 
from Agar Scientific. A constant wire is used as an internal reference. Open circuit potential 
and power output are measured with Gamry reference 3000 electrochemical station by 
heating one side of the printed TEG via a hotplate over a temperature range of 45 to 80°C, 
while the other side is placed on a cold plate (~23°C) and the temperatures are recorded by 
thermometer with a computer-aid recorder. 
3.3.3 Measuring Voltage, Resistance, and Flexibility of Thermoelectric 
Generator 
The open circuit voltage and resistance is measured via multimeter. These two 
variables are measured by placing one side of the TEG on a hot plate with various 
temperatures while the other side rested on a room temperature surface. A plastic cup is also 
filled part way with warmer than room temperature water while the FTEG is wrapped around 
the outer surface to see if the FTEG could generate a voltage while bending. The flexibility is 
also measured by wrapping the FTEG around a rod of a certain radius a range of times and 
measuring the resistance. 
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CHAPTER 4.    RESULTS AND DISCUSSION 
This chapter is adapted from a paper submitted to the journal Nanoscale titled: 
“Flexible, Inkjet-Printed Thermoelectric Generators with Inkjet-Printed Bismuth Telluride 
Nanowires and Liquid Metal Contacts.” by Bolin Chen and Matthew Kruse. This chapter 
goes through the results of fabrication of printed TEGs, spectroscopic and electrical 
characterization of printed thermoelectric NWs, thermoelectric characterization of printed 
thermoelectric NWs, TEG flexibility experiments. Each section will include a discussion on 
how it affects the overall FTEG device.  
4.1 Fabrication of Printed TEG 
Following from section 3.1.1, the ink is synthesized using a solution-phase synthesis 
method (Figure 4.1.b-c). The resultant BSTNW and BTNW inks are inkjet printed with 
varying thickness by controlling the number of passes of the nozzles during the inkjet 
printing process.  Consequently, the printed NWs are named BST25, BST50, and BST100 
for the BSTNWs printed with 25, 50, 100 printer passes and BT50, BT100, and BT150 for 
the BT NWs printed with 50, 100, and 150 passes (Figure 4.1.d-f). The average thickness of 
the BT50, BT100, BT150, BST25, BST50, and BST100 printed NWs correspond to 
thicknesses of 0.57µm ± 0.10, 0.89µm ± 0.06, 1.56µm ± 0.05; 0.37µm ± 0.04, 0.62µm ± 
0.08, 0.94µm ± 0.12 measured via SEM analysis. It should be noted here that these NW film 
thicknesses are chosen based on their thermoelectric performance (e.g., Seebeck coefficient, 
electrical conductivity) as well as their ability to maintain flexibility as noted in subsequent 
sections. The printed NWs are annealed in a tube furnace under forming gas at various 
temperature and time (Figure 4.1.g) to improve their thermoelectric properties and then 
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connected in series by EGaIn liquid metal[30].  Finally, a silicone elastomer coating is 
applied to encapsulate and protect the final device from the environment (Figure 4.1.h). 
 
Figure 4.1 Fabrication schematic for the development of the inkjet printed TEG. (a-c) Liquid 
phase synthesis of the BTNWs and BSTNWs and subsequent ink formulation for inkjet 
printing, (d-f) inkjet printing of the BTNWs and BSTNWs onto flexible polyimide film, (g) 
thermal annealing of printed NWs, and (h-i) spray printing of liquid metal contacts and 
doctor blade coating of silicone sealant. (Figure and caption taken from [2]) 
4.2 Spectroscopic and Electrical Characterization of Printed Thermoelectric 
Nanowires 
After inkjet printing (Figure 4.1.f), the thermoelectric NWs are thermally annealed or 
sintered (Figure 4.1.g) according to our previous protocols to improve their thermoelectric 
properties.[27] To improve the efficiency of device fabrication, an annealing temperature that 
maximized the performance of both the BSTNWs and BTNWs was explored.  The annealing 
temperature of 400⁰C within a forming gas environment (~ 2 hrs.) was first analyzed 
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according to our previous results (Experimental Methods).[27] After annealing at these 
conditions, the printed BST50 forms small and discrete crystalline NWs (Figure 4.1.a). This 
process leads to large electrical resistance of the sample, most likely due to the lack of 
nanowire-to-nanowire sintering. However, at a higher annealing temperature (450 ⁰C) and a 
shorter annealing time (10 mins) the printed BST50 nanowires morphology changed from 
discrete nanowires to agglomerated microdisks; the nanowires become sintered at these 
higher annealing temperatures (Figure 4.1.b). It should be noted that the annealing time was 
reduced from 2 hours to 10 minutes during annealing at 450 ⁰C, as the longer annealing time 
began to crack the printed BST50 nanowire film, disintegrate the polyimide substrate 
underlayer, and consequently render the sample electrically non-conductive.  Similarly, 
BT50 printed nanowires become sintered at the elevated annealing conditions (viz., 450⁰C 
for 10 minutes) (Figure 4.1.c-d) with observable less change to morphology most likely due 
to the absence of the low melting point element antimony that is present in the BSTNWs. 
Moreover, the electrical conductivity (measured at room temperature) for the printed 
BSTNWs annealed at these conditions was ~29900 S·m-1 as compared to ~0 S·m-1 with 
annealing at 450 ⁰C for 2 hours (due to severe sample degradation), and ~617 S·m-1 after 
annealing at 400 ⁰C for 2 hours. Similarly, the electrical conductivity (measured at room 
temperature) for printed BTNWs annealed at these conditions was 5649 S·m-1 as compared 
to 63 S·m-1 after annealing at 450 ⁰C for 2 hours and 1204 S·m-1 after annealing at 400 ⁰C for 
2 hours. Thus, the forming gas annealing at 450 ⁰C for 10 mins significantly improved the 
electronic transport through the printed thermoelectric NWs.  
27 
 
 
Figure 4.2 SEM images displaying morphology changes of the printed BST50 and BT50 
nanowires after thermal annealing. Printed BST50 NWs annealed at (a) 400⁰C for 2 hours 
and (b) 450 ⁰C for 10 mins. Printed BT50 NWs annealed at (c) 400 ⁰C for 2 hours and (d) 
450 ⁰C for 10 mins. (Figure and caption taken from [2]) 
Next, X-ray diffraction (XRD) was used to verify the crystalline structure of the 
printed BST50 and BT50 NWs before and after annealing. Distinct peak positions for 
Bi0.5Sb1.5Te3 (JCPDS-#49-1713) and Bi2Te3 (JCPDS-#15-863) are observed for the 
printed BST50 and BT50 NW samples respectively (Figure 4.3.a-b). These XRD peaks 
become much more pronounced and sharp after the annealing process without an observable 
shift in their position. This result suggests that annealing both the BST50 and BT50 printed 
NWs at 450 ⁰C for 10 minutes improves the crystalline nature of the NWs without changing 
their phase or composition. Hence, these annealing conditions are conducted on all 
subsequent samples explored herein. 
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Figure 4.3 XRD diffraction patterns obtained from the printed (a) BSTNWs and (b) BTNWs. 
XRD patterns before annealing (bottom) and after annealing (top) at 450 ⁰C for 10 mins. 
(Figure and caption taken from [2]) 
4.3 Thermoelectric Characterization of Printed Thermoelectric Nanowires 
The in-plane Seebeck coefficient (S), electrical conductivity (σ) and calculated power 
factor (P.F.) of the printed and thermally annealed BST25, BST50, and BST100 were 
acquired over a low-grade temperature range of 300 – 400 K. (Figure 4.4). First, the S, σ, and 
P.F. of all the printed BST NWs sample were analyzed and plotted (Figure 4.4.a-c).   All 
BST samples display positive S values that are indicative of p-type behavior while the slight 
increase of S at higher temperature can be attributed to the thermal excitation of 
electrons[32]. The high S value for BST25 is possibly due to the low carrier concentration 
when film is too thin (not continuous). BST25 has an electrical conductivity of 
approximately 400 S·m-1, which is considerably lower than values recorded for the BST50 
and BST100 printed NWs. The low electrical conductivity of BST25 is most likely due to the 
poor film formation at low thickness. Next, the power factors (P.F. = σ * S2) for the printed 
NWs were calculated and plotted in Figure 4.4.c. The printed BST50 NWs displayed the 
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highest P.F., ~1.8*10-4 W·m-1·K-2 at 400 ⁰C. The S, σ, and P.F. of all the printed BT NW 
sample are also plotted (Figure 4d-f). The negative S values of BT samples are indicative of 
n-type behavior, and the values increase with the increase of temperature. However, the 
printed BT50 and BT150 NWs display lower S values than printed BT100 NWs. This 
deviation could be attributed to the over-annealing of film with less materials on BT50 films 
and insufficient annealing of BT150 films, which would consequently decrease the electron 
mobility. The BT50 displayed the highest electrical conductivity ~5500 to 8000 S·m-1 for an 
annealing temperature range of 295 K to 400 K.  Calculated P.F. are plotted in Figure 4.4.c 
and printed BT100 NW films display the highest P.F. value of 1.1 * 10-4 W·m-1·K-2at 400 ⁰C. 
 
Figure 4.4 Temperature dependent measurement of thermoelectric properties: (a) Seebeck 
coefficient (S) (b) Electrical conductivity (σ) (c) Power factor (P.F.) for the printed BST25, 
BST50, and BST100 NW films. (d) S (e), σ (f), and P.F for the printed BT50, BT100, and 
BT150 NW films. All measurements are acquired across a low grade temperature range of 
300 to 400 K with increments of 50K. (Figure and caption taken from [2]) 
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4.4 TEG Flexibility Experiments 
A TEG prototype contains ten pairs of legs, which are attached to the curved surface 
of a plastic cup (Figure 4.5.a). A 0.1 mV of output voltage is measured when the cup is 
empty. DI water at 40 °C is then poured into the cup until leveling with lower EGaln contact 
(Figure 4.5.b). The measured voltage increased to 15.3 mV due to the temperature difference 
between water and air. To further study the flexibility of a sample, the inkjet-printed TEG 
sample is rolled up around a rod with a radius of 7.5 mm (Figure 4.5.c). The resistance is 
171.0 kΩ for a wound sample compared to 171.1 kΩ for a flat sample (Figure 4.5.d). The 
prototype is then rolled one, ten, twenty-five, and fifty times and the resistance after each 
rolling is recorded and plotted (Figure 4.5.e). No significant increase in resistance is found 
after rolling the sample, which demonstrates the flexibility of the TEG fabricated by ink-jet 
printing. Such flexibility cannot be achieved by bulk TEG pellets or screen-printed thick 
films. Open circuit voltage at various temperature differences are plotted in Figure 4.5.e. The 
sample is initially suspended between a hot plate and a cold plate. A maximum voltage of 46 
mV is created at a temperature difference of 32.5 °C. Three measurement trails have been 
done on the same sample, a pair of p-n legs show a voltage of 160 uV·K-1 with R=0.998, 
which is consistent with the S measured on BST25 and BT100 at corresponding temperature. 
A device made of 360 pairs of legs should be efficient to power a 1.8V red LED at a 
temperature difference of 30 °C. To measure the maximum power output, the current is 
measured at a matched resistance of TEG. The TEG generates 83.2 nW with 38 mV at a 7 °C 
temperature difference with the cold side at 26 °C. This condition is similar to the difference 
between the human body temperature and ambient temperature. A 314.6 nW maximum 
power is generated at a 32.5 ⁰C temperature difference with 5 pairs of p-n legs. This power 
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output is currently the highest reported value for thin film (thickness less than 5 µm) 
TEGs[27-28] 
How the FTEG was fabricated affects the flexibility of the device. Figure 4.6 shows 
how the flexibility is changed when using a silicon sealant rather than silicone rubber as well 
as liquid metal interconnects rather than silver paste. The prototype that is closer that has 
silicone sealant and liquid metal interconnects had a far greater flexibility than the further 
prototype. 
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Figure 4.5 (a) An optical image of an inkjet-printed TEG sample wrapped around a plastic 
cup and measured open circuit voltage. (b) The open circuit voltage reading after adding 
40°C water to the level of bottom EGaIn electrical contact. (c) The resistance of inkjet-
printed TEG sample as flat. (d) The resistance of inkjet-printed TEG after tightly wrapping 
around a metal rod (dia. 7.5 mm) (e) The resistance change after 1, 10, 25, 50 times of 
rolling. (f) Three repetitions of open circuit voltage measurement of TEG sample contains 5 
p and n couples at varied temperature difference. 
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Figure 4.6 Comparison of silicone sealant and liquid metal interconnects with silicone rubber 
and silver paste interconnects. 
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CHAPTER 5.    CONCLUSION 
In this work, a flexible thin-film TEG device is created with inkjet printed BST and 
BT NWs.  Liquid metal contacts significantly increase the overall flexibility of printed 
electronics compared to the traditional silver paste. This printing technology enables scalable 
fabrication of thin film TEG on flexible substrates, which paves the way for thermal energy 
harvesting from low temperature difference and curved objects (e.g. exhaust pipe, human 
body). The developed solution phase printing technique increases the freedom of patterning 
without using any mask and reduces material waste compared to other methods, which is 
especially important with rare or expensive thermoelectric materials. A high-power factor for 
the device (1.8 *10-4 W·m-1·K-2), relative to other thin-films, is achieved for the printed TEG 
prototype. The prototype with five pairs of p-n legs delivers a 45 mV voltage at a 
temperature difference of 32.5°C between hot and cold ends. The power output of 314.64 nW 
(equivalent to the power density of 20 mW·cm-3) is the highest reported value for an all 
printed thin film thermoelectric generator.  Inkjet printing as an additive manufacturing 
method is a versatile and cost-effective approach to deposit 2D or 1D nanomaterials 
compared to other methods such as e-beam evaporation or sputtering. Hence, the annealing 
techniques and liquid metal contact deposition methods developed herein could be useful for 
not only thermoelectric energy harvesters but also for other wearable energy harvesters such 
as solar, piezoelectric, triboelectric devices that require electrical contact even during cyclic 
flexing. 
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